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Abstract—Based on experimental data (7 = 650-800 °C, P = 1-2 kbar) on the solubility of columbite and tantalite in silicate melt
and on the distribution of Ta and Nb among coexisting silicate melt, aqueous fluid, and aluminum fluoride melt, we calculated a possible
change in the Ta/Nb indicator ratio in residual deeply differentiated granite melts. The Clarke values of these metals in acid rocks of the
Earth’s crust were taken as their initial contents. The calculations were made by the mass balance method. It is shown that the separation
of fluid in the closed magmatic system rock-forming minerals—silicate melt-water can lead to an approximately twice increase in Ta/Nb in
the residual melt as compared with the initial Clarke value. In the system rock-forming minerals—silicate melt-aluminum fluoride melt with
the initial content of fluorine close to that in biotite granites, the Ta/Nb ratio in the residual melt can increase to ~1. Successive crystalliza-
tion of minerals of the isomorphic columbite—tantalite series can lead to Ta/Nb > 2 in the residual melt. Crystallization of biotite causes a
significant increase in Ta/Nb and prevents the accumulation of these metals in the residual silicate melt.
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INTRODUCTION

Tantalum and niobium are heavy lithophile metals. Their
position in the same group of the periodic table of elements
determines their similar properties and similar behavior in
geologic processes. These elements have close atomic radii
and ionization potentials and therefore coexist in minerals
and rocks. During crystallization differentiation, Ta and Nb
accumulate in residual magmatic melts. Their contents reach
a maximum in the most deeply differentiated rocks.

The Clarke value of Ta in the Earth’s crust is approxi-
mately ten times lower than the Clarke value of Nb (Solodov,
1978). In some cases, the empirically established difference
between the Ta/Nb ratio in the object and the ratio of the
Clarke values of these elements is considerable and is used
as a geochemical indicator. For example, Ta/Nb in Nb de-
posits in carbonatites reaches 0.02. In granitoids, depending
on their geochemical type, the average Ta/Nb ratio varies
from 0.05 to 0.5 (Tauson, 1977). The most evolved varieties
of Li-F granites, which are the differentiation products of
granitoids of normal alkalinity, have close contents of Ta
and Nb; sometimes, Ta even prevails (Kovalenko, 1977; Be-
skin, 2014).

The Orlovka and Etyka deposits in eastern Transbaikalia
are typical examples of such Li—F deposits. Biotite granites
of the Kukul’bei Group, which are parent rocks of rare-met-
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al Li—F granites of these deposits, contain 5 x 104 wt.% Ta
and 2 x 107 wt.% Nb (Syritso et al., 2001). These contents
are just slightly higher than the Clarke values of Ta and Nb
in the acid rocks of the Earth’s crust. Younger differentiates
(topaz-containing microcline—albite granites) are richer in
these elements: Ta=5 x 10 and Nb =2 x 107 wt.% (Zara-
isky et al., 2009). Some of the most differentiated rock vari-
eties in the apical parts of the massifs contain 4 x 1072 wt.%
Ta and 3 x 102 wt.% Nb (Badanina et al., 2010), i.e., dozens
of times more than the initial Clarke values. An increase in
the contents of these metals in successively formed magma
differentiates is accompanied by an increase in the Ta/Nb
ratio: 0.25, 0.7, and 1.3.

A similar increase in the Ta/Nb ratio is also observed in
the successively formed Erzgebirge (Germany) granite dif-
ferentiates (Forster, 1998), in rapakivi granite complexes
with topaz- or cryolite-containing granites as late differenti-
ates (e.g., in the Pitinga province in Brazil) (Lenharo, 2003),
in the topaz-containing granites of the Kymi stock, associ-
ated with the Vyborg rapakivi granites (Haapala and Luk-
kari, 2005), and of the Eurajoki stock (Haapala, 1997), etc.
Some alkaline rocks with a high degree of melt differentia-
tion show a gradual regular change in the Ta/Nb ratio (e.g.,
at the Zashikhin and Ulugtanzek deposits) (Beskin, 2014).
Many pegmatite varieties, which are late differentiates of
magmatic melt, also have high Ta/Nb ratios (Cerny and Er-
cit, 1985).

In this work we consider normal and subalkalic acid
rocks, plumasitic or having the mole ratio Al,0,/(Na,O +
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K,0) = A/NK = 1. Topaz- and/or cryolite-containing high-F
granites are their most differentiated varieties.

STATEMENT OF THE PROBLEM

An increase in the contents of Ta and Nb in acid igneous
rocks is related to crystallization differentiation. Genesis of
rock-forming and accessory minerals, formation of an aque-
ous fluid at the magmatic stage, or separation of another lig-
uid phase from a silicate melt through liquation can lead to
an increase in the contents of Ta and Nb in the residual melt,
up to the solubility products of the Ta—Nb phases. The same
processes seem to cause an increase in the Ta/Nb ratio in
successively formed magma differentiates.

(1) Present in low contents in the melt, Ta and Nb are
distributed between the melt L and the coexisting phases X.
The behavior of Ta and Nb is described by the partition co-
efficients K, = C i/ Crier Where Cyy, and Cy;, are the con-
tents of metal (wt.%) in the phase X and in the silicate melt,
respectively. An increase in Cy,/CY, in the residual melt is
achieved if K, is greater than K ,.

The possible phases X are as follows: (1) silicate or other
minerals (S) with Ta and Nb impurities; (2) aqueous fluid
(fl); (3) salt, water—silicate, or any other liquid phases (B)
produced by the liquid immiscibility mechanism, which are
called salt melt, melt-brine, fluid melt, “heavy phase”, LF,
fluoride—calcium melt, brine, etc. (Fersman, 1960; Dolo-
manova, 1966; Ryabchikov and Hamilton, 1971; Kogarko
and Krigman, 1981; Gramenitskii and Shchekina, 1993; Ve-
ksler, 2002; Gramenitskii et al., 2005; Reif, 2009; Perety-
azhko and Savina, 2010; Shchekina et al., 2013; Peretyazh-
ko et al., 2011).

(2) Crystallization differentiation increases the contents
of Ta and Nb in the melt, up to the solubility product of their
own phases, e.g., Ta niobates. An increase in Cy,/Cy;, in the
residual melt becomes possible in the case of the earlier
crystallization of essentially niobium mineral and the forma-
tion of an essentially tantalum analog at later stages.

Based on experimental data and using mathematical
modeling methods, we attempt to determine which of the
above processes lead to the accumulation of Ta relative to
Nb in successively formed differentiates of magmatic melt.

To solve this problem, we studied the following model
systems:

1. Silicate melt and phases with Ta and Nb impurities:

1.1. L-S, melt and crystalline phases,

1.2. L1, melt and aqueous fluid (closed system),

1.3. L-B, silicate melt and liquid phase immiscible with it.

2. Silicate melt and essentially Ta—Nb ore phases within
the tantalite—columbite series (L—TN).

To compare the numerical results, we used the following
parameters:

(1) C%,/CY, in the residual melt, whose mass M, is equal
to 0.0001 of the mass of the primary melt, M, |

L(2) The contents of metals in the re51dual melt Cr, and
O

NUMERICAL-MODELING TECHNIQUE

1.1. Silicate melt and crystalline phases with Ta and
Nb impurities (L—S). Let us consider a closed model sys-
tem under conditions of ideal fractional crystallization
(Bowen, 1934; Maaloe, 1976; Ariskin and Barmina, 2000),
in which minerals (S), with one of them (1S) containing Nb
and Ta impurities, crystallize from aluminosilicate melt L,
with Clarke contents of Ta and Nb. At any crystallization
step (N), the mass of metal in the produced crystalline sub-
stance S (my5") is equal to the mass of metal in the phase 1S
(mye™).

Since the amount of substance in the system does not
change, the sum of the masses of metal in the elementary
volume of the crystalline substance (my." = my") and of

the metal in the equilibrium melt (m L(N)) at any crystalliza-
tion step is equal to the mass of the metal in the melt at the
previous step (1, LVDy.

L(N-1) _
Me

L(N) " mlS(N)

The mass of the metal in any phase X is equal to
mlz(/le =Cl\)/([eMX> (1)

where My is the mass of this phase. The mass fraction of the
phase 1S is i (Mg = hMg at 0 < 1 < 1). Substituting the con-
tent of the metal in the crystalline substance by the mea-
sured value of K. = C\3./Chy., We obtain

L(N—l) L(N)
C ML(N 1 C ML(N)
L(N)
KoeCe MM )
Since Mgy, = My ;) — My, then
L(N 1
L(N) _ C ML(N -

Mo = (2)
ML(N) (l - hK pMe) + ML(N—I)thMe

Expression (2) is the dependence of the metal content in
the residual melt, Che, on the amount of this melt, M, . In the
limiting form (M ;) — My ;))—0, this expression is identi-
cal to the equations obtained by Ariskin and Barmina (2000).

In the case of a regular change in the amount of the phase
IS in the elementary volume S during crystallization, the
coefficient 4 can be specified as a function of the mass of the
residual melt, M, .

1.2. Silicate melt and aqueous fluid (L—fl). Fluid can
appear in the magmatic system as a result of retrograde boil-
ing of a crystallizing melt, decompression, or from external
sources. Here we consider only the first variant. The fluid is
highly mobile and lowly viscous and thus has specific fea-
tures that must be taken into account on calculations.

Let us consider a system in which the C%,/Cy, ratio can
change only under Ll interaction. The primary melt L has
Clarke contents of Ta and Nb and is saturated with water.
During crystallization of rock-forming minerals free of Ta
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and Nb, the amount of the melt in the system decreases, and
the fluid mass, Ck,, and Cy, increase.

If each elementary portion of the fluid is removed and
does not interact with the system substance any longer (ide-
al fractionation), then the following equalities are valid at
the differentiation step N:

L(N-1) _ _L(N) fI(N)
Me = Myge + My,
L(N-1) L(N) )’ )
My,o = =My o + My,

where m1™ and mHzﬂéN) are the masses of metal and water,

respectively, in the elementary portion of the fluid produced
at the step N.

Taking into account (1) and substituting the concentra-
tion of metal in the fluid by the measured values of K ;. =
Gll/Cher We obtain

M

L(N-1)

2
ML(N) + KpMerl(N)

L(N) _ ~L(N-1)
CMe - CMe

L(N-1) L(N)
CHZO ML(N—I) - CHZO ML(N) (4)

f1(N) >
CHZO

M) =

where Cy's’ and Cy'y) are the mass fractions of water in
the residual melt and in the elementary volume of the fluid,
respectively, at the step V.

As a result,

fI(N) ~L(N-1)
CHZO CMe ML(N—I)
fI(N) L(N) L(N-1) ’
ML(N) (CHZO _KpMeCHzO )+KpMeCHZO ML(N—I)

)

If the entire fluid produced during crystallization remains
in the system and, being lowly viscous, comes to equilibri-
um with each new composition of the melt, then (3) can be
written as

L(N) _
CMc -

Ly _ . L(N) f1(1.2,...N)

mMe - mMe + mMe b
Lk _ . L(N) A1(L,2,...N)

My o =My o + Mo )

where my"* =" and m, §* " are the masses of the met-

al and water, respectively, in the entire fluid produced be-
fore and at the step N. Taking M; = 1 and following the
calculation scheme as in (4), we obtain

£1(1,2,...N) L,
CHZO CMe

£1(1,2,..,N) L(N) L,
CHZO - KpMeCHZO )+ KpMeCl-IgO

L(N) _
CMc -

(6)
M, L(N)(

Expressions (5) and (6) are the dependence of C},, on the
mass of the residual melt, M, . In nature, only part of the
fluid comes to equilibrium with the melt during crystalliza-
tion. Therefore, (5) and (6) yield the limiting contents of
metal in the residual melt during the L] interaction.

1.3. Silicate melt and liquid phase immiscible with it
(L-B). As phase B, we take any liquid phase produced in

equilibrium with a deeply differentiated aluminosilicate
melt by the liquid immiscibility mechanism. The shape of
the immiscibility region and the position of critical curves
can be different depending on the P-T conditions and the
composition of the system (Valyashko, 1990). The proposed
calculation method does not take into account changes in
the phase state depending on the P—T conditions.

Let us consider a model system in which component Z
necessary for the formation of liquid B accumulates, along
with Ta and Nb, as a result of crystallization in the residual
aluminosilicate melt. Under these P—T conditions and sys-
tem composition, phase B forms when the content of com-
ponent Z in the melt reaches a maximum. Distribution of Ta
and Nb between the coexisting melts is described by the
expression Ky, = Cy/Clye.

Under fractionation or equilibrium coexistence of two
melts, C%,. in the silicate melt will be determined (as in Sec-
tion 1.2) as follows:

B(N) ~L(N-1)
Cz CMe ML(N—I)

C-)
Me B(N) L(N) L(N-1)
ML(N) (CZ _KpMeCZ )+KpMeCZ ML(N—I)
or
B(1,2.....N) ~LO
CrM _ Cz CMe (7)
Me B(1,2,...,N) L(N) Lo’
ML(N) (Cz _KpMeCZ )+KpMeCZ

where M, is limited by the stability region of liquid B, C}o
and C;™") are the contents of component Z in the primary
melt and in the deeply differentiated silicate melt, respec-
tively, CZB(N) is the content of Z in the elementary unit of
liquid B, and C3"*" is the content of Z in the total vol-
ume of liquid B.

2. Silicate melt and Ta—Nb ore phases (L-TN). We
consider crystallization of Ta—Nb ore minerals by the ex-
ample of the isomorphous columbite (Col)—tantalite (Tan)
series.

Crystallization differentiation leads to an increase in the
contents of Ta and Nb in the residual melt up to the solubil-
ity product of columbite—tantalite (Col-Tan), which is rep-
resented by a Fe-free end-member in this model and has
general formula MnTa, Nb,; O (0 < x < 1). The content
of MnO 1in the silicate melt is taken to be constant and equal
to 0.2 wt.%, typical of granites.

The influence of Col-Tan crystallization on C%,/C%, can
be estimated using special calculation algorithms (Ariskin
and Barmina, 2000), experimentally determined solubility
product (SP), and distribution coefficient K ;:

Col L
_ w0, 14,04

Ki=—1T—cr > ®)

N\,0, 14,0,

where n;’fg " is the molar concentration of oxide in the cor-
responding phase.

Coefficient K, remains constant for ideal solid solutions.
A limited amount of experimental data does not permit us to
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Fig. 1. Algorithm of calculation of Ck, and Cy, in the residual silicate melt during crystallization of minerals of the isomorphous columbite—tan-

talite series.

estimate the degree of ideality of the Col-Tan solution.
However, based on the similar chemical and thermodynamic
properties of Ta and Nb, we suggest that K, = const in the
case of a minor change in the silicate melt composition and
the approximately constant amount of Mn.

The equality of the experimentally obtained SP and the
molar-concentration product (MCP) for MnTa, Nb, O,
expressed as

MCP = nll\‘/InO (n'%azos )X (nTI\‘IbZOS )17): ’ (9)

is the criterion for the beginning of crystallization of colum-
bite in melt L.

The block scheme in Fig. 1 generally describes the calcu-
lation algorithm.

RESULTS AND DISCUSSION

Note that the above formulas are universal and can be
used to estimate the contents of various trace elements under
interaction of various phases. The numerical values obtained
below are examples of calculation by these formulas and are
not universal.

The Clarke values of Nb and Ta in acid rocks of the
Earth’s crust are taken equal to CI\L”g =2.0 x 107 and C;g =
3.5 x 10# wt.% (Solovov, 1990).

1.1. Silicate melt and crystalline phases with Ta and
Nb impurities (L—S). As an example, we consider a system
with biotite as a crystalline phase (1S) containing Ta and Nb
impurities (Nash and Crecraft, 1985; Acosta-Vigil et al.,
2010).

In the ultimate case, when biotite is absent, 2 = 0 in (2),
the C%./CK, ratio remains constant, and the contents of Ta
and Nb in the residual melt increase (Fig. 2). The L-S sys-

tem with 2 = 0 is a hypothetical case when Ta and Nb are
not dispersed in crystalline or any other phases and accumu-
late in maximum possible contents in the residual melt. Un-
der real conditions, the contents of Ta and Nb in the melt are
limited by the formation of phases with Ta and Nb impuri-
ties and by the solubility limits of Ta—Nb minerals.

The coefficients of Ta and Nb partition between the acid
melt and biotite are K, = 1.9-3.6 and K, = 8.7-9.1 (Nash
and Crecraft, 1985; Acosta-Vigil et al., 2010). As shown in
Fig. 24, even 5 wt.% biotite contributes to a significant in-
crease in C%/CK, and deceleration of the accumulation of
Ta and Nb in the residual melt. A constant 20 wt.% content
of Bt ensures rapid increase in C%,/Ck,, but the dispersion
of metals in the crystalline material is so high that the ac-
cumulation of Nb in the residual melt becomes impossible.

In most of natural intrusive granite complexes, the con-
tent of mafic minerals significantly decreases from early to
late intrusive phases. Below we qualitatively assess whether
a decrease in the amount of biotite in successive portions of
crystalline material can affect the above-obtained results.

We accept that the amount of biotite in the elementary
crystallization volume depends linearly on the mass of the
residual melt M, and decreases from 5 or 20 wt.% in the first
portions of crystalline substance to zero in the last ones. Fig-
ure 2B shows that with given parameters providing a gradu-
al reduction in the “color index” of successive differentiates,
biotite can cause an increase in C%,/Ck, at the initial stages
of crystallization and prevents the accumulation of these
metals in the residual melt, although not so seriously as in
the first case.

Strictly speaking, the amount of biotite in the elementary
crystallization volume is not a function of the mass of the
residual melt. It depends on the composition of the melt, the
presence of fluid, etc. and differs significantly in different
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Fig. 2. Results of modeling in the system L—S by the example of the silicate-melt-biotite interaction. Changes in C%,/Ck, and the contents of Ta
and Nb in the residual melt depending on the content of biotite in the elementary crystallization volume: A, the content of biotite is constant
throughout crystallization; B, the content of biotite linearly decreases to 0 wt.% in the final portions of melt. The initial content of biotite (wt.%):
1,0; 2, 5; 3, 20. The curves were constructed based on experimental data: a, (Nash and Crecraft, 1985); b, (Acosta-Vigil et al., 2010).

natural systems. The simple linear dependence given here as
an example does not exactly reflect the real changes in the
biotite content in the crystallizing material but clearly dem-
onstrates their significance. The change in the “color index”
of the rock in passing from early to late differentiates must
be taken into account when constructing mathematical mod-
els of ore-magmatic systems.

1.2. Silicate melt and aqueous fluid (L—fl). The values
of K . for F-containing high- and medium-plumasite gran-
ite systems were earlier obtained at 650-750 °C and 1 kbar
under equilibrium of silicate melt and aqueous fluid (Chevy-
chelov et al., 2005; Borodulin et al., 2009). The equilibrium
is due to the redistribution of all components in the system
between the melt and the fluid, i.e., the composition of the
fluid depends seriously on the composition of the equilibri-
um melt. For such systems, Ky, and K, are within 0.001—
0.006 and 0.003-0.01, respectively (Borodulin et al., 2009).

In (5) and (6) we accept

fI(N) A2, N)
CHZO ~ CHZO ~1.

Figure 3 presents the results of calculation of the L—fl
interaction. Under ideal fractionation, the presence of fluid
virtually does not influence the contents of Ta and Nb in the
residual silicate melt. Within the model scale, these data co-
incide with the results of calculation in a fluid-free system.

The strongest influence of the fluid is observed in the ab-
sence of fractionation between L and fl, when all fluid sepa-
rated from the melt remains in the system and comes to
equilibrium with successively formed melt differentiates.

According to experimental data (Holtz et al., 1993; Web-
ster et al., 2004; Baker and Alleti, 2012; Alferyeva et al.,
2018), the solubility of water in silicate melt depends on the
presence of impurities in the system. For example, at 1 kbar
and ~800 °C, the presence of fluorine can increase the solu-
bility of water in acid melt from 4 to 7-8 wt.%. A still great-
er increase in water solubility might be expected in succes-
sively formed differentiates of natural melts.

In a closed system, however, the amount of produced
magmatogene fluid is determined mostly by the total content
of the corresponding volatile component (in our case, water)
and its solubility in the primary melt.

In the equilibrium system with a gradual increase in wa-
ter solubility from 4 to 15 wt.%, the C%,/Ck, ratio in the re-
sidual melt can increase approximately twice (Fig. 3). The
same result was obtained with the constant solubility of wa-
ter in melt, equal to 4 wt.%. At the initial high (10 wt.%)
water solubility, the L] interaction is somewhat stronger.
In this case, the Ck, /Ck, ratio increases 2.5 times. However,
such water solubility seems to be unreal in the primary gran-
ite melts with a low or medium degree of crystallization dif-
ferentiation.
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Fig. 3. Results of modeling in the system silicate melt-aqueous-fluid (L—1). Changes in C%,/C%, and in the contents of Ta and Nb in the residual

L(0) —

silicate melt: 7, ideal Ll fractionation at C;'g

Ci = 15 wt.% (coincides with the curve for a fluid-free system); 2, equilibrium system L,

in which the solubility of fluid increases from Cy;(¢’ = 4 to C;;Y) = 15 wt.% (coincides with the curve for constant solubility, Ci;'¢’ = Ci;)’ =4 wt.%);

3, equilibrium system L-fl at C;/Q’ = C/§) = 10 wt.%.

The L interaction within a closed system has the least
effect on the change in C%,/CY, among all the considered
processes (Table 1). As in case 1.1, the formation of fluid
somewhat retards the accumulation of Ta and Nb in the re-
sidual silicate melt.

1.3. Silicate melt and liquid phase immiscible with it
(L-B). Let us consider a system in which Ta and Nb are
distributed between silicate (L) and aluminofluoride (LF)
melts. The available factual material for this pair of phases
permits us to assess the influence of the equilibrium on C%,/
C%,. The K ue values and the compositions of equilibrium L
and LF were earlier determined at 800 °C and 1 kbar (Gra-
menitskii and Shchekina, 1993; Gramenitskii et al., 2005;
Alferyeva et al., 2011; Alferyeva, 2012).

In this system, fluorine serves as component Z marking
the saturation of silicate melt with aluminofluoride melt
(Gramenitskii et al., 2005). Therefore, formulas (7) for L—
LF are written as

C;_F(N)C]\];[(eN—I)M

cH = L(V-1)
ML(N) (CFLF(N) _KpMeClI:(N))-’—KpMeCII;(N_l)ML(N—l)
or
oL _ C]E:F(l,Z,m, N)Cl\l;loe (10
Me ML(N) (C]&F(l,z,...,N) _KpMeC;-(N))"‘KpMCCFL“ .

Under starting conditions, the concentration of F in gran-
ite aluminosilicate melt L, is 0.2-0.3 wt.% (Badanina et al.,

Table 1. Results of calculation. Ck/ C;b and contents of Ta and Nb in the residual silicate melt M, = O.OOOlMLO in different model systems

Model system CL/CY ck ck,
wt.%

L-S 0% Bt 0.18 35 19.9
5% Bt 1.8-4.8 0.7-1.4 0.3
20% Bt >1900 0.004-0.1 1.5x10°
5-0% Bt 0.2 2.9-3.2 12.8
20-0% Bt 0.5-0.7 1.7-2.4 34

L1 15% fl 0.18 35 19.9
(fractionation)
4% fl 0.37 1.1 3.0
(equilibrium)
10% fl 0.42 0.6 1.3
(equilibrium)

L-LF LF 0.25 3.1 13.5
(fractionation)
LF 0.7-0.9 0.5-0.6 0.7-0.8
(equilibrium)

L-TN A/NK = 1.3-1.7 K,=1.7 0.7 0.6" 0.9"
K,=6.9 2.9 2.1" 0.7"

* The values correspond to the solubility product of columbite. For details, see section 2 (L—TN).
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Fig. 4. Results of modeling in the system L-B by the example of interaction between silicate and aluminofluoride melts (L-LF). Changes in Ck/
Ck, and in the contents of Ta and Nb in the residual silicate melt: 7, LF does not form; 2, ideal L-LF fractionation; 3, equilibrium system L-LF.

a, A/INK =0.95; b, AANK = 1.1.

2010). At 800 °C and 1 kbar, quartz-normative silicate melt
can become saturated with aluminofluoride melt when it
contains >5 wt.% F (Gramenitskii et al., 2005). In this case,

M, /M, =CF"/CF=0.04,

i.e., the saturation with LF can be reached at ~96% crystal-
lization of the primary silicate melt.

According to (10) and earlier data (Gramenitskii et al.,
2005; Alferyeva et al., 2011; Alferyeva, 2012) summarized
in Table 2, the L-LF interaction can increase C%/C%, in
successively formed differentiates of silicate melt (Fig. 4).
As in the system L—fl, the most considerable increase is ob-
served under stable L-LF equilibrium and insignificant frac-
tionation of these phases.

Aluminofluoride melt affects the distribution of metals
stronger than an aqueous fluid. Even in the case of complete
isolation of L and LF from each other, C%./C%, in the silicate
melt slightly increases at the late stage of differentiation. In
a closed equilibrium system, the contents of metals in the
silicate melt can become almost the same under L-LF inter-
action.

As in systems 1.1 and 1.2, the formation of LF affects
negatively the accumulation of Ta and Nb in the residual
silicate melt and leads to partial dispersion of these metals.

2. Silicate melt and isomorphous tantalite—columbite
series (L-TN). Figure 5 shows the solubility products of
minerals of the tantalite—columbite series in quartz-norma-
tive melts with different agpaitic coefficients. The solubility
of tantalite in all systems is slightly higher than the solubil-
ity of the extreme Nb end-member of columbite. There are
little literature data on the solubility of Ta—Nb-columbites.
The solubility product curve for the isomorphic columbite—
tantalite series can be constructed only for the plumasite
component of the system, based on the data of Chevychelov
et al. (2010) and Aseri et al. (2015).

The solubility product of columbite in the plumasite
component of the system is achieved when the content of
crystalline substance in the system is about 99 wt.% (Fig. 6).
The coefficients of Ta and Nb distribution (K,;) between the

melt and minerals of the columbite—tantalite series were ob-
tained from experimental data (Chevychelov et al., 2010).
For a medium-plumasite (A/NK = 1.3) system, K,= 1.7, and
for a high-plumasite (A/NK = 1.7) system, K, = 6.9. The
difference in the distribution coefficients leads to different
values of C%,/Ck, in the residual melt of different composi-
tions (Fig. 6). The highest C%/C%, ratio is observed in the
high-plumasite system.

Thus, crystallization of minerals of the isomorphic
columbite—tantalite series also increases C%/C%, in the
residual silicate melt. When crystallization of the system is
accompanied by a significant fractionation of crystalline and
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Fig. 5. Averaged solubility products of minerals of the isomorphous
columbite—tantalite series (Linnen and Keppler, 1997; Chevychelov et
al., 2010; Fiege et al., 2011; Aseri et al., 2015) depending on the molar
Ta/Nb ratio (n) . Dashed lines connect the SP values of the extreme
end-members, obtained at the same A/NK values of the melt: 0.6, 0.8,
or 0.9-1.1. Solid line is approximation of the SP values at A/NK = 1.3—

1.7, expressed by the equation y = —0.0066x> + 0.0072x + 0.0003.
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Fig. 6. Results of modeling in the system L-TN by the example of in-
teraction between silicate melt and minerals of the isomorphous co-
lumbite—tantalite series. Changes in C%,/Ck, in the residual silicate
melt: 1, K,=6.9; 2,K,=1.7.

liquid phases and localization of the deeply differentiated
residual melt, the achievement of the columbite—tantalite
solubility product does not lead to significant dispersion of
Ta and Nb.

The solubility product of columbite at the final stage of
crystallization differentiation is determined by the C%, and
C%,, values equal to those at M; = 0.0001M, , of the system
L-TN (Table 1).

Validity limits. All the above models are based on mass
balance calculation only and do not reflect the course of
crystallization depending on temperature, pressure, and fluid
regime.

A change in K, depending on the composition of the
silicate melt and the contents of Mn and Fe in the system
L-TN might contribute to the deviation from the above
calculation. The solubility product values in the isomorphic
columbite—tantalite series must be refined, because they are
based on only one experimentally studied composition of
Ta—Nb-columbite.

Under real conditions, C%,/C%, depends also on crystal-
lization of pyrochlore, cassiterite, ilmenite, various dark-
colored minerals, etc. The above calculation does not reflect
the diversity of natural processes. It shows tendencies of
changes in the above ratio and the relative intensity of the
mechanisms of Ta and Nb distribution under interaction of
the considered phases. Having the necessary empirical data
and using the above formulas, it is possible to significantly
expand the list of systems and, thus, to obtain a more

detailed pattern of Ta and Nb redistribution throughout the
crystallization of the granite massif.

One of the promising phases that can participate in
the formation of rare-metal deposits is a water—silicate
liquid (WSL) (Smirnov et al., 2012, 2017; Thomas et al.,
2014; Smirnov, 2015, 2017). It is included in none of the
calculation models because of the scarce information about
the conditions of its formation. This liquid can be regarded
either as a phase formed in equilibrium with a silicate melt
by the liquid immiscibility mechanism or as the silicate melt
that has reached the corresponding composition through
its gradual change. Having the necessary empirical data, it
is possible to calculate the contribution of WSL (with due
correction), using the L-B model in the first case and the L—
TN model in the second.

For the same reason, pegmatites are not included into the
list of natural objects in which the behavior of Ta and Nb
can be calculated. Because of the diversity of the possible
paths of evolution of pegmatite systems, the details of the
formation of pegmatite melt are still ambiguous and can be
considered special cases of the above-reported mechanisms.

Fractionation and magmatic differentiation. As the
above calculation shows, crystallization of columbite can
begin only when the content of crystalline substance in the
system is ~99 wt.%. Formation of granite massifs with a
high content of columbite—tantalite seems to be possible only
under high fractionation of a crystalline metal-free material
and a residual melt. At a first glance, such fractionation is
doubtful in the case of viscous granite melts. However, some
researchers (Dingwell et al., 1985, 1996; London, 2005;
Giordano et al., 2008) report that an increase in the contents
of water, fluorine, and alkaline metals in acid silicate
melt leads to a significant decrease in its viscosity and its
transformation into a specific fluidized melt. As a result, the
most differentiated melt portions are more readily fractionate
into a crystalline material and a liquid. In natural systems,
a high degree of fractionation was established for albite—
zinnwaldite microgranites of the Zinnwald deposit (Webster
et al., 2004).

On the calculation, the starting contents of Ta and
Nb in L, were specified at their Clarke values; in nature,
barren parental granites of various deposits are analogs of
such rocks. Based on the data of Beskin et al. (1994), it is
possible to estimate the quantitative ratio of barren parent
granites and their rare-metal differentiates by the example
of the Khangilai pluton and the Orlovka Ta—Nb deposit in
eastern Transbaikalia. According to the gravimetric-survey

Table 2. Contents of Ta and Nb (wt.%) in products of L and LF quenching (Gramenitskii et al., 2005; Alferyeva et al., 2011; Alferyeva, 2012)

No. A/NK Phase Ta Nb Kor Kono
L 1.6+0.1 1.1+0.1

1 0.95 0.12 0.73
LF 0.2+0.1 0.8+0.3
L 1.3£0.1 1.1+0.1

2 1.1 0.15 0.64
LF 0.2+0.1 0.7+0.2
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data of the authors, the total volume of the parent granites
of the Khangilai pluton can be estimated at ~2500 km?. The
approximate volume of the ore-bearing granites of the deposit
is no more than 0.6 km?, i.e., 0.02% of the total volume of the
parent melt. Therefore, if the Orlovka massif is considered
a product of crystallization differentiation of the Khangilai
granite melt, then the crystallization of rare-metal granites
of the deposit began when the content of crystalline material
in the system was ~99.98%. This value is a few fractions of
a percent greater than the minimum degree of crystallization
at the system mass balance, which is necessary for the
beginning of columbite formation.

CONCLUSIONS

(1) Calculation of the mass balances using different ex-
perimental data has shown that all the described processes
lead to an increase in Ta/Nb in the successively forming dif-
ferentiates of granite melt.

(2) In contrast to the other described systems, the interac-
tion of silicate melt and columbite—tantalite (L—TN) increas-
es C%,/Ck, in the residual silicate melt and does not cause
dispersion of Ta and Nb in the Earth’s crust matter. Under
ideal fractionation of the melt and crystalline phases
throughout crystallization, the late saturation of the system
with Col-Tan favors the formation of ore substance. The
experimentally determined K, and SP values ensure a sig-
nificant increase in Ta/Nb, up to a predominance of Ta in
deeply differentiated granite melts.

(3) Separation of an aqueous fluid from a magmatic melt
in a closed system can lead to an increase in Ck,/Ck,, but
the efficiency of the L—fl interaction is significantly lower
than that in all the other considered systems.

(4) Aluminofluoride melt and dark-colored minerals play
a similar role in the redistribution of Ta and Nb. Formation
of these phases can lead to a significant increase in C%,/C%,
but also a considerable dispersion of metals in the Earth’s
crust matter and thus hinder the formation of Ta and Nb
deposits.
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